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The n a t i o n a l  program t o  meet i t s  energy needs has  
addressed t h e  p o t e n t i a l  of t he  thermal  g rad ien t  i n  
t r o p i c a l  oceans t o  meet p a r t  of t h a t  need. Research 
and development i n t o  c lo sed  cycle,ocean thermal anerg 
conversion (OTEC) systems has  r e s u l t e d  i n  system con- 
cep t s  and component hardware which show g r e a t  promis 
f o r  c a p a b i l i t y  t o  d e l i v e r  cos t - e f f ec t ive  power t o  
consumers. A s  t he se  systems a r e  brought t o  t h e  ocean 
e.xperiment s t a g e  t h e  program re sea rch  emphasis is 
beginning t o  s h i f t  i n  t h e  d i r e c t i o n  of a l t e r n a t i v e  
cyc l e s  which address  t h e  p r imar j  OTEC t e c h n i c a l  i s s u e  
namely t h e  c o s t  and performance ( inc lud ing  l i f e t i m e  
degradat ion  e f f e c t s )  of s e a  water  h e a t  exchanger 
s t r u c t u r e s .  

An e s p e c i a l l y  a t t r a c t i v e  a l t e r n a t i v e  is the  open 
cyc l e  approach t o  u t i l i z e  t he  ocean thermal  g rad ien t  
f o r  power gene ra t ion .  In t h i s  approach t h e  s e a  water 
i t s e l f  i s  used a s  t h e  working f l u i d  i n  a  thermodynami 
cyc l e  and t h e  thermal r e s i s t a n c e  of a  metal  hea t  
exchanger between t h e  h e a t  source  o r  s i n k  ( s e a  water )  
and t h e  thermodynamic working f l u i d  i s  e l imated .  
This advantage is not  achieved wi thout  t he  s u b s t i t u -  
t i o n  of o t h e r  important t e c h n i c a l  problems. n e s e  
inc lude  : 

o Direc t  con tac t  hea t  t r a n s f e r  t o  s e a  water  a t  low 
p re s su re .  

o  Thermodynamic performance and c o s t - e f f e c t i v e  pro- 
d u c i j i l i t y  of large, low-pressure turbomachinery. 

o  Deaeration of l a r g e  q r i an t i t i e s  of s e a  water .  

I n  t h i s  paper four  open cyc l e  OTEC concepts a r e  
descr ibed.  These a r e :  

o  S ing le ,  v e r t i c a l - a x i s  t u r b i n e  
o  Wul t ip le ,  ho r i zon ta l - ax i s  t u r b i n e s  
o  Foan l i f t l h y d r a u l i c  t u rb ine  
o  Xis t  l i f t l h y d r a u l i c  t u rb ine  

I mance Is made i n - a d d i t i o n  :o a  d e s c r i p t i o n  of t h e  
h prel iminary  assessment of ach ievab le  perfor-  
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subsystem performance o b j e c t i v e s  which would suppor t  
t h e  achievement of t h e  f u l l  p o t e n t i a l  i nhe ren t  i n  
t hese  concepts.  

I 
The r e s u l t s  and conclus ions  of t h e  paper a r e  a  

d e s c r i p t i o n  of t h e  research  o b j e c t i v e s ,  achievement 
of which make open cyc l e  OTEC a  v i a b l e  a l t e r n a t i v e  
a s  a  n a t i o n a l  energy source .  

INTRODUCTION 

The ocean con ta ins  w i t h i n  i t  t h e  p o t e n t i a l  t o  
supply more than a l l  of t h e  p ro j ec t ed  energy needs 
t h a t  our  s o c i e t y  might demand. i h i s  energy p o t e n t i a l  
is i n  k i n e t i c ,  chemical,  and thermal f o r m .  Waves, 
t i d e s ,  and ocean c u r r e n t s  a r e  forms of k i n e t i c  energ1 
which can r e a d i l y  be conver ted  t o  more usable  fonns 
through t h e  use of innovat ive  conversion equipment. 
The s a l i n i t y  g rad ien t  between seawater  and inf lowing 
f r e sh  water  r i v e r s  can a l s o  be conver ted  t o  mechanical 
o r  e l e c t r i c a l  energy us ing va r ious  membrane processes .  
However, t h e  resource  which has been tapped a s  a  f i r s t  
p r i o r i t y  i s  t h e  thermal  energy conta ined i n  t h e  temp- 
e r a t u r e  d i f f e r e n c e  between warm s u r f a c e  waters  and 
t h e ' c o l d e r  deep waters  of t r o p i c  o r  s emi t rop ic  s e a s .  

The b a s e l i n e  program be ing  pursued by t h e  U.S. 
Department of Energy f o r  e x p l o i t a t i o n  ~f  t h i s  thermal 
resource  is based on the  development of a c lo sed  
Rankine cyc l e  hea t  engine which conver ts  t h i s  thermal 
resource  i n t o  mechanical energy. This  energy,  i n  
t u r n ,  can d r i v e  e l e c t r i c a l  gene ra t ion  machinery. The 
key thermodynamic elements i n  t h i s  process  a r e  heat  
exchanges which couple  t h e  h o t  and cold  seawater  i n t o  
t h e  cyc l e  working f l u i d  which c u r r e n t l y  is ammonia. 
Because t h e  thermal resource  i s  smal l  ( t y p i c a l l y  l e s s  
than 20%) t he  performance of t hese  hea t  exchangers 
nus t  be  high and t h e i r  s i z e  l a r g e  i n  o rde r  t o  make 
p r a c t i c a l  use of t h e  energy. In  a d d i t i o n ,  because the 
resource  e x i s t s  i n  a  h o s t i l e  environment i n  t e m s  of 
co r ros ion  and b i o l o g i c a l  a c t i v i t y ,  t h e  m a t e r i a l s  and 
maintenance of t h e  h e a t  exchangers must be  c a r e f u l l y  
prescr ibed.  This combination of cond i t i ons  r e s u l t s  
i n  a  subsystem which i s  . the most c o s t l y  and unce r t a in  
element i n  t h e  Ocean Thermal Energy Conversion (OTEC) 
p l a n t .  The Department of Energy program is c u r r e n t l y  
involved i n  e-xtensive development and t e s t i n g  of la rge  
heat exchanger systems (40 %I t ) .  The t e s t i n g  w i l l  be 



s tudy  f o r  an  open cyc l e  pre l iminary  eng inee r ing  des ign 
has  j u s t  been completed by Westinghouse [ j ] .  A com- 
pa r i son  of t h e  performance and component cha rac t e r -  
istics from thooa ~ t u d i o o  i o  shnrm i n  T a h l e  1 

Two b a s i c  system conf igu ra t ions  have been pro- 
posed f o r  t h e  steam-turbine concept.  The f i r s t  is a 
mu l t ip l e ,  hor izonta l -&s tu rb ine  con f igu ra t ion .  
proposed by t h e  Colorado School of Hines,  and t h e  
second is a s i n g l e ,  v e r t i c a l - a x i s  t u r b i n e ,  proposed 
by Westinghouse. Both conceptual  des igns  r e s u l t  i n  
compact con f igu ra t ions  w i th  minimum l o s s e s  between 
components and adherence t o  t h e  barometr ic  p r i n c i p a l  
where necessary .  

The ho r i zon ta l - ax i s  con f igu ra t ion ,  shown i n  
Figure  2 ,  u t i l i z e s  m u l t i p l e  t u r b i n e s  t o  mainta in  t h e  
t u r b i n e  d iameter  t o  p r a c t i c a l  s i z e s  and mainta in  t h e  
barometr ic  he igh t  i n  t h e  evapora tor  and condenser.  
The condenser,  a s  proposed by t h e  Colorado School of 
Mines, would be  a direct-cun'cact  spray o r  carendc typa 
I n  o rde r  t o  u t i l i z e  a s i n g l e ,  large-diameter t u r b i n e ,  
Westinghouse proposed t h e  v e r t i c a l  con f igu ra t ion  wi th  
s u r f a c e  condenser shown i n  Figure  3 .  This  des ign  is 
unique i n  t h a t  some of t h e  components a r e  i n t e g r a l  
w i th  t h e  p l a t fo rm s t r u c t u r e ,  namely t h e  f l a s n  evapora- 
t o r ,  s e a  water  and vapor flow passages and d i f f u s e r .  
For t h e  op t ion  wi th  a d i r ec t - con tac t  condenser,  t h e  
v e r t i c a l - a x i s  t u r b i n e  must be  l oca t ed  above t h e  baro- 
me t r i c  l e v e l ,  r e s u l t i n g  i n  t h e  con f igu ra t ion  shown i n  
Figure  4 .  The f l a s h  evapora tor  i n  both of t h e s e  cases  
is a t o r o i d a l ,  open-channel type  with t h e  t u r b i n e  a x i s  
and condenser l oca t ed  on t h e  c e n t e r  l i n e  of t h e  
s t r u c t u r e .  

The open-cycle, hydraul ic- turbine  concept has  t h e  
advantage of us ing s ta te-of- the-ar t  h y d r o e l e c t r i c  
technology. However, t h e  s e a  water  l i f t  mechanism is 
s t i l l  i n  a r e sea rch  phase and r e q u i r e s  f u r t h e r  work 
i n  o rde r  t o  make an adequate comparison wi th  e i t h e r  
t h e  c lo sed  c y c l e  o r  o t h e r  open c y c l e  technologies .  .I 
schematic of t h e  process  is shown i n  Figure  5 .  The 
hydrau l i c  head can be c r ea t ed  by e i r h e r  l i f t i n g  t h e  
warm s e a  water  v i a  a m i s t  downstream of t he  t u r b i n e  
o r  by l i f t i n g  t h e  s e a  water  i n  a foam s t r u c t u r e  up- 
s t ream of t h e  t u rb ine .  The mist  system concept was 
proposed and i s  be ing researched by Ridgway [ 6 ]  and 
t h e  foam system concept by Zener [7 ] .  

I n  t h e  mist system, a f i n e  sp ray  of d r o p l e t s  
(-200um diameter)  is i n j e c t e d  i n t o  a low p re s su re  
region a t  t h e  bottom of the  l i f t  tube .  A sma l l  f r ac -  
t i o n  of t h e  warm s e a  water  evapora tes  and t h e  vapor 
flowing upward c a r r i e s  t he  d r o p l e t s  with i t .  .At t he  
top of t h e  tube ,  cold  s e a  water is used t o  condense 
t h e  vapor t o  complete t h e  cyc l e .  The major ques t ion  
he re  is  whether an  adequate mist can be  genera ted  with 
minimum l o s s  through t h e  i n j e c t o r  and whether s t a -  
b i l i t y  i n  t h e  mlot flow onn b e  a c h i e v ~ r j .  A. c o n c ~ p t u a l .  
des ign f o r  a mist flow p lan t  is presented  i n  Figure  6 .  

I n  t h e  foam system, t h e  l i q u i d  phase of a 
l i qu id /vapor  mi-xture is s t a b i l i z e d  w i t h i n  a foam 
s t r u c t u r e  genera ted  by adding a s u r t a c t a n t  t o  t h e  warm 
s e a  v a t e r .  The l i q u i d  i n  rile foam s t r u c t u r e  r i s c s  
between top  and bottom of t he  l i f c  L S ~  30 t h a t  t h c  
thermal d i f f e r e n c e  between t h e  warm and cold  water  
is conver ted  t o  p o t e n t i a l  head a t  t h e  top  of t h e  tube .  
R e  l i q u i d  head c r e a t e d  can then be  conver ted  t o  
mechanical energy i n  hydrau l i c  t u rb ine .  

The steam-turbine concept is t h e  most advanced of 
t he  open c y c l e  ocean t h e m 1  concepts.  Technica l  

I 

extended t o  t h e  s e a  environment and r e p r e s e n t s  a 
c r i t i c a l  s t e p  toward t h e  s c a l e d  f u l l  system experiment 
which m u s t  p recede  any commercia l iza t ion  a c t i v i t y .  

Because t h e  h e a t  exchangers a r e  such a key and 
vu lne rab le  p a r t  of t he  OTEC program, t h e  research  
and development a c t i v i t i e s  a r e  s t r u c t u r e d  t o  provide 
suppor t ing  d a t a  f o r  hea t  exchanger development as 
w e l l  a s  a l t e r n a t i v e s  which can provide  a backup o r  
second gene ra t ion  approach t o  t h e  b a s e l i n e  e f f o r t .  
These a l t e r n a t i v e s  a r e  i n  t h e  form of two open cyc l e  
implementacions .of  t h e  b a s i c  thermodynamic processes .  

DESCRIPTION OF CONCEPTS 

The open c y c l e  concept,  f i r s t  demonstrated by 
Claude [ I ]  i n  1930, uses s e a  water  d i r e c t l y  a s  t h e  
working f l u i d .  The s e a  water  can b e  u t i l i z e d  in one 
o f  two ways. One approach i s  t o  f l a s h  t h e  s e a  water  
t o  steam and e x t r a c t  energy v i a  a low-pressure  t u r -  
b ine .  The o t h e r  approach is t o  l i f t  t h 8  Sea  water 
t o  a s u f f i c i e n t  he igh t  t o  d r i v e  a h y d r a u l i c  t u rb ine .  
Each of t h e s e  methods a r e  be ing  explored a s  a l t e r -  
n a t i v e s  i n  t h e  Nat ional  UTEC P r o g r a .  The low pres- 
s u r e  approach can accomplish t h e  e l i m i n a t i o n  of 
s u r f a c e  exchangers from t h e  system. This  e l i m i n a t e s  
t h e i r  c o s t  and minimizes concern over  co r ros ion  and 
b i o f o u l i n g .  P u r s u i t  of t h i s  approach, however, 
i n t roduces  u n c e r t a i n t y  wi th  r ega rd  t o  t h e  necessary  
h e a t  and mass t r a n s p o r t  p roces ses  and a unique tu r -  
b i n e  development problem. The h y d r a u l i c  t u r b i n e  
approach Fur the r  e l i m i n a t e s  t h e  need f o r  a vapor 
cu rb ine  b u t  i n t roduces  a d d i t i o n a l  u n c e r t a i n t y  wi th  
r e s p e c t  t o  c e r t a i n  cr i t ica1 , two-phase-f low problem. 
Th i s  approach must s t i l l  be  considered  a s  an  i n t e r -  
e s t i n g  bu t  unproven concept .  

F igure  1 shows a schemat ic  r e p r e s e n t a t i o n  of t h e  
open-cycle,  s team-turbine  concept.  Warm s e a  water  
( t y p i c a l l y  a t  2S°C) e n t e r s  an  evacuated  chamber whose 
p r e s s u r e  is  below t h e  vapor p re s su re  of t h e  warm s e a  
water .  The vapor pres  u r e  of f r e s h  wa te r  a t  2S°C is 9 2 approximate ly  3 . 4  x 10 N / m  (0.5 p s i )  . With t h e  
evaporafor  maintained a t  t h i s  low p re s su re ,  t h e  water  
i n  t h e  i n l e t  duc t s  w i l l  r i s e  t o  approximate ly  10 m. 
I n  o r d e r  t o  avoid  l a r g e  p e n a l t i e s  i n  pumping require-  
ments,  t h e  evapora to r  and condenser should ,  i n  
p r i n c i p a l ,  be  l oca t ed  a t  t h i s  ' ba rome t r i c '  l e v e l .  
.About 0 .5% of t h e  warm s e a  water  f low is evapora ted  
t o  steam. Because of t h e  h igh s p e c i f i c  volume of 
steam a t  low tempera ture  and p re s su re ,  t h e  t u rb ine  
must be r e l a t i v e l y  l a rge .  Af t e r  energy is  e x t r a c t e d  
by t h e  t u r b i n e ,  t h e  e-xhausted steam is condensed 
us ing  a s e a  water  s t r eam drawn from t h e  ocean depths .  
The condensat ion  can t ake  p l a c e  i n  a s u r f a c e  type 
condenser where t h e  f r e s h  water  condensate  is a by- 
product .  A d i r ec t - con tac t  condenser could  be 
employed i n  which case  t h e  need f o r  an expensive h e a t  
sxchanger can be e l imina t ed .  S ince  Lhrre is 3uire a i r  
d i s so lved  i n  s e a  water ,  t h e r e  w i l l  be  a need t o  
deae ra t e  t h e  warm and poss ib ly  t h e  co ld  s e a  water  
s t reams.  Tn i s  would be  done t o  minimize t h e  degrad- 
i ng  e f f e c t  o f  non-condensibles on condenser perfor-  
mance. .in a i r  removal c a p a b i l i t y  i n  t h e  condenser 
i s  a l s o  r equ i r ed  t o  prevent  t h e  builc-up o f  a i r  and 
t o  remove t h e  r e m i n i n g  uncondensed vapor .  

Seve ra l  f e a s i b i l i t y  s t u d i e s  have been completed 
by Hydronaut ics ,  Inc.  [Z ] ,  t h e  Un ive r s i t y  of 
!b s sacnuse t t s  [ 3 ] ,  and Colorado School of ?Lines [ 4 ] .  
The gene ra l  conclus ion reached is t h a t  t h e  open cyc l e  
concept can be  t e c h n i c a l l y  achieved and nay be  c o s t  
compet i t ive  w i th  t h e  c lo sed  cyc l e .  .An a d d i t i o n a l  



f e a s i b i l i t y  has  been e s t a b l i s h e d  both  t h e o r e t i c a l l y  
and elcperimentally and a pre l iminary  engineer ing 
des ign s tudy has  been completed (Westinghouse). There 
a r e  s e v e r a l  t e c h n i c a l  i s s u e s  which need f u r t h e r  
resear'ch i n  o r d e r  t o  reduce t h e  unce r t a in ty  i n  sub- 
system and system performance. These u n c e r t a i n t i e s  
r e l a t e  t o  component performance and d i r e c t l y  e f f e c t  
t he  o v e r a l l  system c o s t  e f f e c t i v e n e s s .  The foam and 
mist  l i f t  concepts  s t i l l  need a d d i t i o n a l  b a s i c  re- 
search  be fo re  they can be  considered a s  v i a b l e  a l t e r -  
na t ives  t o  t h e  c losed cyc l e  and t h e  ocher open cyc l e  
ocean thermal concepts .  

Basic t e c h n i c a l  d a t a  and major subsystem hard- 
ware needs t o  be  developed i n  s e v e r a l  a r eas  be fo re  
a d e f i n i t i v e  assessment of open cycle.ocean thermal  
system p o t e n t i a l  can be  made. These a r e a s  inc lude:  

o Sea water  deae ra t ion  
o Direc t  con tac t  hea t  and mass t r a n s p o r t  with s e a  

water a t  low p re s su re  
o Low p res su re  turboaachiner]  
o E f f i c i ency  and s t a b i l i t y  of s e a  wa te r  l i f t  i n  

two phase flow 
o Spec ia l  requirements on t h e  marine systems imposed 

by t h e  c y c l e  

.There is no ques t ion  t h a t  a i r  i n  t h e  vapor s t r eam 
has  a degrading e f f e c t  on condenser performance. The 
ques t ion  is how much can be t o l e r a t e d  and how can t h e  
e f f e c t s  be  minimized. I n  o rde r  t o  minimize t h e  
amount of a i r  e n t e r i n g  t h e  system, t h e  s e a  water  
streams can be  pre-deaerated.  Deaera t ion  i s s u e s  
i nc luds  : 

o How much a i r  w i l l  be  r e l ea sed  from t h e  warm and 
cold  s e a  watsr  s t reams? 

3 How should  t h e  a i r  be  removed? 
o How much vapor is removed wi th  t h e  a i r ?  
o Knat k ind of equipmenc can be used f o r  a i r  removal 

and how can t h e  power t o  ope ra t e  t h i s  equipment 
be minimized? 

Ongoing and f u t u r e  r e sea rch  w i l l  provide t h e  d a t a  base  
necessary t o  make t h e  t rade-off  between hea t  t r a n s f e r  
performance and a u x i l i a r y  power l o s s e s  r e l a t e d  t o  
d issolved and en t r a ined  gases .  This  w i l l  permit  t h e  
s e l e c r i o n  of p re fe r r ed  des igns  and l e a d  u l t i m a t e l y  t o  
an accu ra t e  assessment of cyc l e  p o t e n t i a l .  

F l a r l ~  a v ~ p u r ' a c u r s  tur use  i n  desalination have 
been s t u d i e d  ex t ens ive ly .  However, t h e  ope ra t ion  
of these  u n i t s  have been a t  t e a p e r a t u r e s  and p re s su re s  
h igher  than those  encountered i n  an  open cyc l e  OTEC 
p l a n t .  Empirical  c o r r e l a t i o n s  f o r  f l a s h  evapora tor  
p e r f o m n c e ,  c h a r a c t e r i z e d . b y  thermal non-equilibrium, 
have been developed bu t  r e q u i r e  unacceptable  ex t r a -  
po la t ion  t o  t h e  dimensions and ope ra t ing  cond i t i ons  of 
che a p p l i c a t i o n  considered  he re .  It appears t h a t  an 
open channel geometry f o r  t he  f l a s h  evapora tor  des ign 
is t h e  most a t t r a c t i v e .  This  geometry i s  one which 
minimizes head l o s s e s  and may provide an acceptably  
smal l  va lue  of non-equilibrium temperature d i f f e r e n c e  
with a reasonably s i z e d  u n i t .  There is a need f o r  
l abo ra to ry  s c a l e  exper imenta l  v e r i f i c a t i o n  of analy- 
t i c a l  work and ' for  development of s c a l i n g  laws which 
would provide inforiuation about f u l l - s c a l e  ope ra t ion  
of a low ternperature s e a  water  evapora tor .  

R e  unique requirement f o r  open c y c l e  turbo- 
machinery is in t h e  s i z e s  r equ i r ed  f o r  a cos t  e f f ec -  
t i v e  system. Yecause of t he  low p re s su re s  and 

tempera tures  involved,  a c r e d i b l e  ex t ens ion  of aero- 
dynamic s ta te-of- the-ar t  technology would be  adequate.  

'Turbine  b l ades  s i m i l a r  i n  des ign t o  h e l i c o p t e r  b l ades  
have been proposed f o r  t h i s  a p p l i c a t i o n .  The main 
ques t ion  is whether t h e  t u r b i n e  can be  c o s t  e f f ec -  
t i v e l y  produced. Another major i s s u e  is  t h e  thermo- 
dynamic and s t r u c t u r a l  performance of t h e  t u r b i n e ,  
e s p e c i a l l y  i n  t h e  presence of a i r .  

I f  a s u r f a c e  condenser is used, many of t h e  same 
problem a r e a s  a s s o c i a t e d  with c lo sed  cyc l e  h e a t  
exchangers e x i s t ,  namely b i o f o u l i n g ,  co r ros ion ,  en- 
hancement and t h e i r  cos t - e f f ec t iveness  t r ade -o f f s .  
I n  a d d i t i o n ,  t h e  presence of a i r  r e q u i r e s  des ign con- 
s i d e r a t i o n s  t o  minimize i ts  degrading e f f e c t  and t o  
provide f o r  an  a i r  removal system. The s o l u t i o n  of 
t hese  problems is not  beyond p re sen t  h e a t  exchanger 
des ign c a p a b i l i t i e s .  

D i r ec t  con tac t  condenser a n a l y s i s  p re sen t s  a 
more d i f f i c u l t  problem. There e x i s t s  very  l i t t l e  
d a t a  o r  p r a c t i c a l  exper ience  wi th  t h i s  type of 
equipment due t o  t h e  widespread a p p l i c a t i o n  of s u r f a c e  
condensers.  The p o t e n t i a l  f o r  h igh hea t  t r a n s f e r  
r a t e s  and s i m p l i f i e d  des ign make t h i s  a l t e r n a t i v e  very 
a t t r a c t i v e .  Recent informat ion from Hungary [ 8 1 
on j e t - t ype ,  sp ray  condensers i n d i c a t e s  t h a t  t h e  pro- 
mising expec ta t ions  a r e  be ing r e a l i z e d  i n  p r a c t i c e .  
I f  h e a t  t r a n s f e r  i n  t h e  condenser can be mainta ined 
wi th  reasonable  a u x i l i a r y  power r equ i r emen t s , ' t hen  
t h e  d i r e c t  con tac t  condenser may be more c o s t  e f f ec -  
t i v e  than t h e  s u r f a c e  condenser.  

For t h e  m i s t  and foam l i f t  concepts ,  t h e  major 
technical ques t ions  a r e  t h e  gene ra t ion  and t h e  s t a -  
b i l i t y  of t h e  mis t  o r  foam. The range of ope ra t ion ,  
l i f t  e f f i c i e n c y  and cond i t i ons  which promote mist o r  
foam i n s t a b i l i t i e s  a r e  be ing researched a t  t h e  labora- 
t o r y  s c a l e  i n  o r d e r  t o  determine p o t e n t i a l  v i a b i l i t y  
of ch i s  concept.  I f  t h e  l i f t i n g  processes  prove 
f e a s i b l e ,  then t h e  power r equ i r ed  i n  t h e  gene ra t ion  
process  becomes important from a cos t - e f f ec t iveness  
s t andpo in t .  The i n j e c t o r  assembl ies  envis ioned re- 
q u i r e  sma l l  d iameter  o r i f i c e s  t h a t  may e a s i l y  c log  
wi th  t h e  p a r t i c u l a t e s  i n  s e a  water .  F i l t r a t i o n  t o  
t h e  degree  necessary  could poss ib ly  use  a l a r g e  f rac-  
t i o n  of t he  g ros s  output  of the  p l a n t .  

S ince  t h e  open c y c l e  ope ra t e s  a t  reduced pres- 
s u r e s ,  vacuum i n t e g r i t y  of t he  p l a t fo rm s t r u c t u r e  i s  
a common requirement among the  va r ious  concepts .  A 
p la t fo rm des ign is needed t h a t  minimizes leakage r a t e .  
provides  s t r u c t u r a l  s t a b i l i c y  and can mainta in  t h e  
barometr ic  he igh t  w i th in  accep tab le  t o l e r ances  over a 
range of s e a  s t a t e s .  

In  gene ra l ,  t h e  t e c h n i c a l  f e a s i b i l i t y  of t he  
open-cycle,  s t eam- tu rb ine  concepts has  been e s t a -  
b l i s h e d .  There a r e  no 'show s t o p p e r '  t e c h n i c a l  i s s u e s  
However, t h e  o v e r a l l  performance of t hese  p l a n t s  is 
s e n s i t i v e  t o  t h e  amount of a u x i l i a r y  power require-  
ments i n  t h e  subsystems. These requirements can be a 
s i g n i f i c a n t  percentage  of t he  n e t  power ou tpu t ,  there- 
f o r e ,  t h e  u l t i m a t e  cos t - e f f ec t iveness  of t he  concept 
w i l l  depend i n  an important way on t h e  c a r e f u l  des ign 
t o  opt imize  t h e  subsystem components. 

A sys tem model has been genera ted  by SERI t o  
a s s e s s  t h e  s e n s i t i v i t y  of t he  o v e r a l l  performance t o  
t h e  important parameters of the  open-cycle, steam- 
tu rb ine  system. The model is based on t h e  s ing le -  
t u r b i n e ,  v e r t i c a l - a x i s  concept.  Tne system model 



i nc ludes  d e a e r a t i o n  i n  bo th  warm (2S°C); 5nd :co ld . .  :. 
(5°C) s e a  wa te r  l oops ,  f l a s h  evapora t ion  a t  t h e  
barometr ic  l e v e l ,  a  v e r t i c a l - a x i s  t u r b i n e / g e n e r a t o r ,  
and a  d i r ec t - con tac t  condenser ,  a l s o  a t  t h e  baro- 
m e t r i c  l e v e l .  

The d e a e r a t i o n  model i nc ludes  a  s e r i e s  of con- 
p r e s s i o n  s t a g e s  from which t h e  a i r  i s  removed. Each 
s t a g e  has  an  in t e r coo le r / condense r  t o  condense out  
t h e  wa te r  vapor  which is  r e l e a s e d  by t h e  s e a  v a t e r  
a long  wi th  t h e  a i r .  Power requirements  a s s o c i a t e d  
wi th  t h e  h y d r a u l i c  head and gas  compression a r e  
c a l c u l a t e d .  The parameters which a r e  independent ly  
v a r i e d  a r e  t h e  f r a c t i o n  of gas  r e l e a s e d  by t h e  s e a  
v a t e r  and t h e  f r a c t i o n  of non-condensibles removed. 

The f l a s h  evapora to r  i s  a  t o ro ida l -des ign ,  open- 
channel-flow type.  The f l u i d  depth is c a l c u l a t e d  a s  
a  func t ion  of mass flow r a t e  and the  l eng th  of t he  
channel  is c a l c u l a t e d  t o  achieve  a  s p e c i f i e d  value 
of the thermal  non-equilibrium paramecer. Ptmtping 
power i s  c a l c u l a t e d  a s  a  f u n c t i o n  of f r e e  f a l l  heigRC 
i n  t h e  evapora to r  necessary  t o  ma in t a in  t h e  flow. 

The t u r b i n e  i s  on a  v e r t i c a l  a x i s  w i th  a  diametel 
of L6m f o r  a  100W gross  ou tpu t .  The steam tlow is 
c a l c u l a t e d  knowing t h e  a v a i l a b l e  en tha lpy  drop and 
t h e  o v e r a l l  t u r b i n e l g e n e r a t o r  e f f i c i e n c y .  The en- 
t ha lpy  drop i s  c a l c u l a t e d  f o r  a  given p a r t i t i o n  of 
t h e  a v a i l a b l e  temperature d i f f e r e n c e  (20°C) between 
components. Tu rb ine lgene ra to r  e f f i c i e n c y  i s  a  
v a r i a b l e  parameter .  

An o v e r a l l ,  volumetr ic  h e a t  t r a n s f e r  c o e f f i c i e n t  
is used t o  s i z e  t h e  d i r ec t - con tac t  condenser.  A 
range of va lues  f o r  t h i s  c o e f f i c i e n t  is e s t a b l i s h e d  
from previous  work. The c ros s - sec t iona l  a r e a  is 
f i x e d  by che t u r b i n e  d iameter  and t h e  cold  water  p ipe  
d iameter  (lorn). Tne co ld  wa te r  p ipe  is loca t ed  a long 
the  same v e r t i c a l  a x i s  a s  t h e  t u rb ine .  The approach 
tempera ture  i n  i h e  condenser i s  v a r i e d  t o  look f o r  
t h a t  va lue  which maximizes output  power. Pumping 
power i n  t h e  cold  water  loop inc ludes ,  b e s i d e s , h e i g h t  
nf the condenser,  t he  f r i c t i o n a l  l o s s e s  i n  t h e  co ld  
v a t e r  p ipe ,  d e n s i t y  d i f f e r e n c e s ,  and cold  water  d i s -  
t r i b u t i o n  l o s s e s .  

h  computer code was w r i t t e n  and executed  wi th  a  
b a s e l i n e  s e t  of va lves  f o r  t h e  subsystem parameters .  
Add i t i ona l  runs  were made wi th  p e r t u r b a t i o n s  of an  
i n d i v i d u a l  par3mecer from t h e  b a s e l i n e  ca se .  I n  t h i s  
way, the  s e n s i t i v i t y  of t h e  system model t o  each 
subsystem paramecer was analyzed. 

XSULTS .LVD CONCLUSIONS 

Resul ts  of t h e  b a s e l i n e  run f o r  t he  open cyc l e  
node l  show t h a t  about h a l f  of che lOOMW g ros s  power i 
!wed t o  suppry  a u x i l i a r l  power necessary  t o  run t h e  
system. t h e s e  r e s u l t s  a r e  s ~ r l z e d  i n  Table 2 .  I t  
i s  obvious,  i n  t h i s  model, t h a t  t h e  condenser pumps 
use a  l a r g e  f r a c t i o n  of t h e  gross  power ou tpu t .  This  
i s  because of t h e  conse rva t ive  va lue  used f o r  t h e  
volumetr ic  h e a t  t r a n s f e r  c o e f f i c i e n t .  S e n s i t i v i t y  
runs showed t h a t  t h e  n e t  ou tpu t  could be improved t o  
72%' i f  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  were a t  :he 
upper l i m i t  of i t s  expected range of unce r t a in ty .  

Improved a lgo r i t hms  r e l a t i n g  h e a t  t r a n s f e r  r a t e  
t o  hydrau l i c  pumping power a r e  be ing  developed. In  
a d d i t i o n ,  more d e t a i l e d  head l o s s  c a l c u l a t i o n s  
w i t h i n  t h e  system a r e  be ing  inco rpo ra t ed  i n  o rde r  t o  
improve t h e  q u a l i t y  of t h e  output  r e s u l t s .  

Es t imates  of c o s t  f o r  t he  open cyc l e  a r e  now 
being developed f o r  t h e  f i r s t  t ime. Costs  f o r  a  100M7 
n e t  p a r e r  module, open-cycle p l an t  w i th  a  s u r f a c e  con- 
denser  have been genera ted  by Westinghowe. =ese  
c o s t s  a r e  summarized i n  Table 3. The p l a t f o r s  c o s t  
i nc ludes  components which a r e  i n t e g r a l  such a s  f l a s h  
evapora to r ,  t u rb ine  and condenser s h e l l s ,  ho twe l l ,  
e t c .  T o t a l  c o s t  does not  inc lude  cold  wa te r  p ipe ,  
mooring o r  e l e c t r i c a l  cab le .  I f  a  d i r ec t - con tac t  
condenser is  employed, Westinghouse e s t ima te s  t h a t  
a  savings  of $200/KW could  be r e a l i z e d .  

These c o s t s  i n d i c a t e ,  t h a t  t he  open cyc l e  w i l l  
be compet i t ive  w i th  c losed-cycle  technology. Cer- 
t a i n l y  they i n d i c a t e  t h a t  f u r t h e r  s tudy  i n t o  alternate 
OTEC power systems should  be pursued. h cont inuing 
r e sea rch  and development program i s  be ing pursued i n  
o rde r  t o  narrow t h e  range of unce r t a in ty  i n  t h e  open- 
c y c l e  performance and c o s t  e s t ima te s .  The promise 
of lower c o s t  and h ighe r  r e l i a b i l i t y  poss ib l e  because 
of t h e  e l i m i n a t i u t ~  uf t he  h e a t  exchangers i s  t h e  
o b j e c t i v e  of t h e  upell-cycle, thermal-sysrcm program. 

Based on t h e  r e s u l t s  of t h e  conceptual  des ign 
s t u d i e s  mentioned e a r l i e r  and on t h e  t!@$u~cs of t h e  
s e r i s i c lv i cy  s tudy discussali ,  ~ l r i  reaearch  progfam 
inc ludes  s t u d i e s  i n  t h e  fo l lowing a r e a s :  

o  Direct-Contact  Heat T rans fe r  - Flash  evapora t ion  ( thermal  non-equilibrium) 
- Contact condensat ion  

o  Turbine/Genera tor  - Blade d e s i g n / p r o d u c i b i l i t y  

o  Deaera t ion  
- Pre-deaeta t ion  
- A i r  removal 

o  KistIFoam L i f t  
- S t a b i l i t y  - Genera t ion  

Overa l l ,  t he  opcn-cycle, steam-turbine concept 
appears  t o  be t e c h n i c a l l y  f e a ~ i b l e .  Additional 
reseaiclr  e f f o r t s  a r c  undcrvdg 6 1  reduco pu~r~~t -rnancr .  
u n c e r t a i n t i e s .  This should  l e a d  t o  r e f i n e d  c o s t  
e s t ima te s  and a  more meaningful comparison with c l o s e  
cyc l e  technology. The open-cycle, hydraul ic- turbine  
concept needs more b a s i c  r e sea rch  i n  o rde r  t o  es tab-  
l i s h  i t s  viability I n  t h e  OTEC arena .  

The au tho r s  would l i k e  t o  acknowledge t h e  open- 
cyc l e  OTEC vork of t h e  Colorado School of Nines and o  
Westinghouse, from whose r e p o r t s  much of t he  technica  
informat ion used i n  t h i s  paper was obta ined.  
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Westi nghouse - CSM U Mass Hydronau t i ,cs 

System Performance (MW 
e 1 

, Gross Outpu t  
Net  Outpu t  

Turb ine  C h a r a c t e r i s t i c s  

Number o f  Turb ines  
Oute r  Diameter (m) 
E f f i c i e n c y  
B lade  m a t e r i a l  

F l ash  Evapora to r  C h a r a c t e r i s t i c s  

Type 
Steam Rate ( k g / s )  
Sea Water Rate ( kg / s )  
Pa ras i  t i c  Power (MW) 

Deaerator  C h a r a c t e r i s t i c s  

Gas Removed (%)  
P a r a s i t i c  Power (MW) 

Condenser C h a r a c t e r i s t i c s  

Type 
Sea Water Rate ( kg / s )  
P a r a s i t i c  Power (MW) 

1  8 1 6 
4 6 20 7 2  2  4 

0.82 0.85 0.93 0.84 
Composite HS Stee l  M i l d  S tee l  Compo s i t e  

O p e n C h a n n l  . B u b b l e r T u b e  F a l l i n g F i l m  F a l l i n g  F ' lm  
1.3 x 10  1.7 x 103 1.1 x l o 5  2.0 x 10 3 3 
3.4 105 2.5 x 105 1.2 x 10 3.9 105 

13.0 14.5 27.6 * 

Sur face  D i r e c t  Con a c t  Surface I D i r e c t  Contac t  
4.2 l o 5  1.9 x 10 2.4 x 105 3.9 x 105 

20.0 19.4 12.6 * 

*data n o t  g i v e n  

iAULE 1 . e u ~ ~ ~ p d r . ~  L i v e  Ana l ys i  3. of  Opcn Cycle OTEC Conc?pt.~~al Designs 



Mass Flow (kg/s) 

Warm water 

Steam 

Cold Water 

Gross Output 

Warm Loop Losses 

Deaeration Losses 

Cold Loop Losses 

Net Power 

Table 2. Saseline output for open cycle model. 

TurbineIGenerator 

Condenser (Surface) 

Pumps (Sea Water & Condensate) 

Air Removal System 

Cleaning System 

Auxiliaries, Conditioning & Control 

Platf orm 

Total Cost 

Table 3. Costs for a 100 HWeOpen Cycle Power Module (Westinghouse) 
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F i g u r e  2. HORIZONTAL-AXIS  CONFIGURATION (COLORADO SCHOOL OF M I N E S )  
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Figurz  3 .  V E R T I C A L - A X I S ,  SURFACE-CONDENSER CONFIGURATION ( w E T I N G H O U S E )  
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F i g u r e  4. VERTICAL-AX IS ,  DIRECT-CONTACT-CONDENSER CONFIGURATION ( WESTINGHOUSE) 
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F i g u r e  6 .  10!,lWe M I S T  FLOW PLANT (RIDGCWAY) 


